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An electrochemical study was conducted to investigate the suitability of TiO2, TiO2-
MWCNTs and (5,10 and 15 wt.%) of MnO2 in TiO2-MWCNTs composites as dimensional
stable electrodes which were developed via conventional powder processing and spark
plasma sintering. The following electrochemical tests were carried out including open
circuit potential, galvanostatic chronoamperometry and cyclic voltammetry measure-
ments. The results showed that an increase on MnO2 content in the composites did not
only lower the potentials but enhanced the stability of the composites. The degradation
which translates to corrosion susceptibility was favorable on composite samples with
lower MnO2 content. Also, the presence of MWCNTs in the composites improved the
electrocatalytic capacity of the material. Furthermore, the anodic layers formed on the
composites during polarization was analyzed using SEM, XRD and cyclic voltammetry. The
results showed that the formation of anodic layer during 24 h of polarization increased
with the addition of MnO2 content and 15 MnO2eTiO2-MWCNT composite grade showed
minimal pores after polarization which translates to higher protection.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).1. Introduction
Electrowinning processes usually occur in strongly acidic
environmentwhich is usually formed by the decomposition of
water into hydrogen ion and oxygen gas [1]. During electro-
winning processes, electrode materials of improved proper-
ties; good corrosion and wear resistance are highly desirablephuthing).
d by Elsevier B.V. Thisto survive in aggressive environments and to transmit high
current densities [2,3]. In the past years, lead electrodes have
beenwidely used in electrowinning of basemetals due to their
relative low cost, insolubility in solution containing sulphuric
acid, low melting point and high conductivity [4,5]. However,
lead electrodes have some drawbacks such as high energy
consumption and lower corrosion resistance. The increase in
energy consumption is as a result of the electrocatalyticallyis an open access article under the CC BY license (http://
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which has a higher over potential for oxygen evolution [6].
Whereas, the lower corrosion resistance of lead electrodes
results in shorter life span and production of poor quality
cathode deposits due to the incorporation of lead corrosion
products [7].
Consequently, the development of inert and insoluble
electrodes have been of great interests in scientific commu-
nity where researchers have considered to either improve the
existing electrodes or develop new ones [8]. Improving the
properties of existing electrodes or developing innovative
ones in meeting the basic desirable properties such as elec-
trical conductivity, electrocatalysis and stability is very crucial
for electrowinning processes. Good electrical conductivity is
essential for energy efficiency, whereas good electrocatalytic
properties are vital to improve product yield and long-term
stability in order to eliminate the wearing and corrosion of
electrode. Despite the desirable properties of electrodes, they
have the tendency of causing product contamination, in-
crease in energy consumption as well as material and labour
cost resulting from the need of periodical maintenance [3,9].
In a bid to overcoming these drawbacks, dimensionally stable
electrodes (DSE) were introduced for oxygen evolution reac-
tion (OER) after it was successfully used in chlor-alkali in-
dustry. The DSEs were mainly composed of metal oxides
which possessed good dimensional stability, long life span,
functions effectively at higher current densities, produces
products of higher purity and requires lower power con-
sumptions [8].
Dimensionally stable electrodes (DSE) usually consist of
mixed metal oxides coating on either titanium or nickel sub-
strates [1]. However, metal oxides that have shown excellent
properties for OER are ruthenium, iridium oxides (RuO2, IrO2)
and the combination with other noble metal oxides but these
metal oxides are very costly [1,10e12]. Alternatively, other
promising spinel-type oxides specifically (CO3O4 and NiCo2O4)
have been extensively used. However, their limitations on low
chemical and electrochemical stability in acidic solution
hinder their applications in electrowinning processes [13,14].
During the fabrication of DSE, the method of application of
electrode coatings and how the substrate is prepared subse-
quently affect the stability and electrochemical properties of
the electrode. For instance, in titanium substrate, there is a
tendency of the formation of TiOx passive layer on the sub-
strate that gradually thickens which becomes not suitable for
lengthy duration [7,15,16].
In recent times, the advancement of materials science and
engineering have engendered the development of insoluble
electrodes to evaluate the life span, operating conditions as
well as reducing the cost of electrode. It has been reported that
some metal oxide such as manganese and titanium dioxide
(TiO2, MnO2), especially MnO2 has desirable electrode prop-
erties such as semi conductive properties, excellent electro-
catalytic activity as well as low cost [17e19]. Manganese oxide
has been widely used in the fabrication of electrode materials
with improved properties. Mohammed and Alfantazi [18] re-
ported that the incorporation of MnO2 into lead improved the
electrocatalytic capacity of the electrodematerial. In addition,
other researchers have reported the effectiveness of MnO2 as
dispersed phase during the development of composite aselectrode materials [14,20e22]. Apart from the utilization of
MnO2 for the development of electrode materials, TiO2 has
been extensively used because of their cost effectiveness, high
melting point, heat resistance. However, it has insulating
behaviour which inhibits it widespread application for elec-
trode production. In a bid to develop a highly conductive DSE
with good electrocatalytic abilities and corrosion resistance,
multiwall carbon nanotubes (MWCNT) was used in this study.
Multiwall carbon nanotubes are widely used as reinforcement
phase during composite production because of their high
elastic modulus (1 TPa), lightweight, high aspect ratio and
excellent thermal conductivity (3000e3500 Wm1K1) [23].
In a bid to develop a fully densified and durable DSE with
improved properties, spark plasma sintering (SPS) technique
was used in this study. The SPS technique was used because it
is a fast sintering and useful processing technique that allows
consolidation of ceramic based composites of different com-
positions at lower temperatures, with controlled kinetics
during densification, grain growth and chemical reactions
[24e26]. This fabrication technique also aids the fabrication of
ceramic composites of higher densification without
hampering the nanostructured materials used as re-
inforcements [27].
Despite the numerous studies conducted on the develop-
ment of DSE with improved properties, to the best of our
knowledge there are no research findings on the electro-
chemical study of spark plasma sintered metal oxide espe-
cially with MWCNTs as reinforcement for electrowinning
electrodes. Therefore, in this research electrochemical studies
were carried out on spark plasma sintered TiO2eMnO2 rein-
forced with MWCNTs in acidic environment in mimicking
electrowinning process of based metals.2. Experimental
2.1. Materials
The materials used in this study were titanium (IV), manga-
nese (IV) oxides and multi-walled carbon nanotubes
(MWCNTs). The metal oxides powders were sourced from
Industrial Analytical, Johannesburg, South Africa, with per-
centage purity of 99.6 and 99.9 and particles sizes between 0.9
and 1.6 and 44 mm respectively. Whereas, MWCNTs (NX7100-
A -Ultra purified CNT) of ~99.7 percentage purity, inner and
outer diameter of 7e8 nm and 9e10 nm respectively, was
supplied by Nanocyl, Belgium.
2.2. Sample preparation
Powder processing was achieved by mixing TiO2 and
(5,10,15 wt.%) MnO2 powders using gentle mill (Retsch 100
PM, Germany), thereafter MWCNTs were dispersed at (0.5,
1.1.5 wt.%) into the admixed metal oxides powders using
high-energy ball mill as reported [21]. Fabrication of the
composites were conducted by charging the powders into a
graphite die of 20 diameters, at a gauged height of 5 mm to
conduct cold compaction with 10 KN force. This act was
carried out to achieve green strength and aid good conduc-
tivity between the powders and graphite die. Subsequently,
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ber to be sintered using spark plasma sintering (SPS) (HHP-25
model) FCT Germany. The consolidation occurred at an
average heating rate of 50 C, sintering temperature of
1200 C and compressive pressure of 25 MPa alongside 5 min
holding time. After the sintering, the sample was left to
freely cool inside the sintering camber. Graphite foils were
removed from samples by sandblasting, prior to removal
from the sintering chamber.
2.3. Characterisation on sintered monolithic TiO2 and
TiO2eMnO2-MWCNTs-metal oxides composites
Prior to conducting the morphology and electrochemistry
studies, the sintered composites where taken for metallog-
raphy procedure by grinding using SiC papers of the grit grade
(P320-1200). Thereafter, the samples were polished with 6 and
2 mm fused silica suspension to form amirror-like surface. The
morphology studies were undertaken by viewing samples
under scanning electron microscope (SEM) to produce back-
scattered image (BEI) equipped with Energy Dispersive X-Ray
Analyzer (EDX) technique for elemental analysis of the vary-
ing phases (Carl Zeiss Sigma FESEM). Furthermore, X-ray
diffraction characterization were conducted for phase iden-
tification on sintered samples before and after electro-
chemical measurements.
2.4. Electrochemical measurements
The electrochemical tests of sintered sampleswere conducted
using three-electrode system of Princeton Applied Research,
Versa STAT 4. The electrochemical cell was performed using
200 ml Pyrex beaker were silver/silver chloride electrode
serves (Ag/AgCl, E ¼ 199 mV vs. SHE) as counter electrode,
graphite rod as the reference and sintered sample as working
electrode. The tests were conducted at room temperatureFig. 1 e SEM images of sintered (a) monolithic TiO2 and (b) 5 w(25 C ± 1 C), containing 1 M H2SO4 solution. Open circuit
potential, galvanostatic polarization and cyclic voltammetry
(CV) were the techniques performed.
Open circuit potential experiments were carried out for a
period of 2 h to assess the stability of the sintered samples.
Then galvanostatic tests were performed at 50 mA/cm2 for
24 h, where cyclic voltammetry occur after each of the gal-
vanostatic experiment to characterize the quality of the sur-
face layer at potential range of0.5 to 1.8 VAg/AgCl at 10mV/s
scan rate in accordance to past research [1,22]. The corrosion
rate was measured by analyzing the dissolutions of the sin-
tered samples, where the electrolyte which is sulphuric acid
was examined after galvanostatic experiments to assessed
the concentration of titanium and manganese using atomic
absorption spectrometry (AAS).3. Results and discussion
3.1. Morphology of the sintered monolithic TiO2,
TiO2eMnO2, TiO2eMnO2-MWCNTs composites
Fig. 1 (aed) shows fractured surfaces of the sintered
monolithicTiO2 and (5, 10 &15 wt.%) TiO2eMnO2 composites.
From the SEM image in Fig. 1(a), it was observed that grain
growth occurs during the consolidation which is as a result of
phase transformation of the titanium oxide from anatase to
rutile phases [28]. Whereas, Fig. 1(bed) shows the fractured
surfaces of TiO2eMnO2 composites, where manganese oxide
is visibly distributed across the TiO2 matrix. The distribution
of the manganese oxide increased with the concentration in
the composites. Moreover, the addition of manganese oxide
did not only change the texture of the SEM images by the
introduction of lighter shade of grey but has also transformed
the morphology as its concentration increases in the TiO2
matrices.t. % (c) 10 wt. %, and (d) 15 wt. % TiO2eMnO2 composites.
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pores decreased gradually with increase of the addition of
manganese oxide which is contrary to Tshephe et al. [29], who
suggested that pores increased as a result of the addition of
MnO2, which was attributed to the agglomeration of the
powders during powder processing. However, in this study,
the decrease of pores could have occurred during the fabri-
cation of the composite since the fabricationwas conducted at
higher temperature above manganese oxide melting point.
Furthermore, the disparity in results could be attributed to the
different powder processing technique [30] and the presence
of MWCNTs used in this study. It is suggested that the man-
ganese oxide melted and then percolated within the titanium
oxide particles, thereby reducing the pores in the composites
[24].
Fig. 2(aed) shows the SEM images of sintered fractured
surfaces for TiO2 and TiO2eMnO2 composites with addition of
1 wt.% MWCNTs. When the MWCNTs are dispersed in tita-
nium oxide. Fig. 2(a) shows that the MWCNTs depict minimal
agglomeration at the fractured surface. This behaviour im-
plies the lack of good bonding between the nanotubes and the
titania which could decrease the transfer of mechanical
properties from the reinforcement to the matrix [31]. The SEM
images on addition of MWCNTs in TiO2eMnO2 composite
containing 5 wt.% MnO2 showed sintered fractured surface
which has similar morphology as the MWCNTs-TiO2.
Although the fracture manner is similar to Fig. 2(a) where the
transformation became transgranular with the addition of
MWCNTs from inter-granular when its monolithic TiO2 in
Fig. 1(a) [32,33]. Furthermore, it was observed in Fig. 2(b) that
the MWCNTs are optimally dispersed across the sintered
fractured surface withminimal agglomeration which could be
ascribed by adequate impact energy exerted during powder
processing.
Similarly, Fig. 2(c and d) show the SEM images of sintered
fractured surface of MWCNTs reinforced TiO2eMnO2Fig. 2 e SEM sintered images reinforced with 1 wt. MWCNTs (a) Tcomposite comprising of 10 and 15 wt.% MnO2 respectively. It
was observed on these SEM images that morphological
transformation and change in grain sizes occurred. Also,
MWCNTs are seemingly not only dispersed but bonded at the
grain boundaries and surface. This behaviour could be
attributed to the effectiveness of the powder processing route
used in this study. It suggests that the increase in manganese
oxide content promotes the better dispersion of MWCNTs
which could be ascribed to the irregular particles of manga-
nese oxide that influences dispersion process according to
Lephuthing et al., [21]. Furthermore, the increase in grain size
behaviour with increase of manganese oxide content which is
more noticeable at Fig. 2(d) could result in the improvement of
properties such as elastic modulus, creep resistance, ther-
moelectric properties, thermal conductivity, electrical con-
ductivity, and optical transparency on ceramics composites
[21,26e28]. Finally, the bonding effect of MWCNTs on grain
surfaces with the increase in manganese oxide content could
result in the transfer of mechanical properties from the
MWCNTs to the matrix which usually leads to improvement
in ceramic composites [34,35].
3.2. Electrochemical study
3.2.1. Open circuit potential measurements
Fig. 3 (a and b) shows the Open circuit potential (OCP) mea-
surements that was carried out for a period of 2 h to assess
the stability of the sintered composites. This measurement
studies the corrosion behaviours of the sintered composites
where the highest corrosion resistance and the redox tran-
sitions control the surface electrochemistry of the samples
[1]. From Fig. 3(a) the monolithic TiO2 showed the least OCP
when compared with samples that contain MnO2. The OCP is
shown to initially increase then decline drastically before
50 min. However, the potentials ranges between 0.4 and
0.3 V Ag/AgCl. This is followed by 5MnO2eTiO2, whichiO2 and (b) 5 (c) 10 and (d) 15 wt. % TiO2eMnO2 composites.
Fig. 3 e Open circuit potential measurements of sintered (a) TiO2eMnO2 and (b) TiO2eMnO2-MWCNTs composites.
Fig. 4 e Anode potential measurements of the sintered
TiO2 and TiO2eMnO2-MWCNTs composites in sulphuric
acid solution as 50 mA/cm2 for 24 h.
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towards the nobler side from 0.25 to 0.1 V Ag/AgCl.
However, as the addition of MnO2 increases to 10MnO2eTiO2
a greater shift was observed which reached the noble po-
tentials and stabilized just below 0.1 V Ag/AgCl which is a
positive potentials that indicates the highest corrosion
resistance in this study. Finally, whenMnO2 was increased to
15MnO2eTiO2 the potentials shifted back to the negative.
This indicates that the ceramic composite passed the
corrosion resistance threshold owing to the increase in MnO2
content which could generate cracks and pores on the sam-
ples during fabrication and lead to the formation of defects
on the electrode [4,36].
Similarly, the OCP results of samples which contains
1 wt.% of MWCNTs as reinforcements in TiO2 and TiO2eMnO2
are shown in Fig. 3(b). As discussed previously on monolithic
TiO2, it still has the least OCP when compared with the
MWCNTs reinforced TiO2 ceramic composites. Although, the
amount of MWCNTs added was only 1 wt.%, it resulted in a
great shift to more noble potentials from 0.0 to 0.11 V Ag/AgCl.
This behavior indicates that the addition of MWCNTs en-
hances the film formation and stability which could suggest
the effectiveness of the powder production and fabrication
process that enabled the transfer of properties from the
MWCNTs to the matrix.
However, when MWCNTs were added alongside MnO2 in
TiO2, different OCP resultswere observed. It was observed that
TiO2-MWCNTs shows slightly more noble potentials
compared to TiO2e10MnO2 in Fig. 3(a) which suggest that
MWCNTs played a significant role in improving the stability
and electrocatalytic activity of the developed composite [1]. In
addition, when MWCNTs were added on TiO2e5MnO2 which
is shown in Fig. 3(b), there is a declining shift to the negative
potentials which falls below the TiO2-MWCNTs potential that
initially increased sharply from0.05 to 0.04 V Ag/AgCl. Though,
the potentials of TiO2e5MnO2-MWCNTs are more on the
nobler side compared to TiO2e5MnO2 in Fig. 3(a). Furthermore,
the TiO2e10MnO2- MWCNTs composite potentials were
observed to be further shifted negative from 0.05 to 0.04 V
Ag/AgCl and more on nobler side than TiO2e10MnO2 in
Fig. 3(a). Similarly, at TiO2e15MnO2-MWCNTs composite
showed further decrease in potentials from 0.2 to 0.3 V Ag/
AgCl. The declination of potentials with the increase in MnO2
content could suggest that the oxygen evolution reaction(OER) overpotential decreased due to the lower activation
energy for the OER on the surface of the MnO2 [11].
3.2.2. Galvanostatic chronopotentiometry
Fig 4 shows the galvanostatic chronopotentiometry mea-
surement which was conducted for 24 h at current density of
50 mA/cm2 and potentials were recorded during the polari-
zation. This measurement was conducted to study the sta-
bility of the metal oxides composites under electrowinning.
Fig. 4 shows the comparison of the monolithic TiO2 and (5, 10
&15 wt.%) of MnO2 in TiO2 with the addition of (1 wt.%)
MWCNTs composites. It is observed that the monolithic TiO2
has the least of the potential which could attribute to its lower
oxygen evolution reaction (OER) overpotential. However,
when 1 wt.% of MWCNTs was added to TiO2, it shows a huge
difference of potentials as well as rapid increase until 13 h
where a drop occurred then slightly steep is observed until
24 h. This could be due to electrocatalysis property of the
MWCNTs since it was dispersed in TiO2. The addition of
(5 wt.%) of MnO2 in TiO2-MWCNTs composite further
increased the potentials where rapid increase is observed
until at 4 h. The potential valleys were also observed between
Table 1 e Concentrations (gm/L) of titanium and
manganese in electrolytes during anodic polarization of
TiO2 and TiO2eMnO2-MWCNTs composites at a constant
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tivity of the metal oxide composites [37], afterward, the po-
tential steeped until 24 h.
Furthermore, the potentials increased with increase in
weight percent of MnO2 in TiO2- MWCNTs composites which
contradicts other studies by Zapata-Solvas et al. and
Mohammadi et al. [37,38] that conducted similar studies.
They reported that an increase in MnO2 content decreased
the potential during electrochemical measurements which
was ascribed to the higher porosity and rougher surface
which also contributes to lower overpotentials. Thereby
leading to limited service life of the developed material
owing to weak mechanical bonding between materials
components during fabrication [39]. Therefore, increase of
potential was observed when the manganese content was
increased to (10 wt.%) in TiO2-MWCNTs and this behaviour
could be ascribed to the effectiveness of the powder pro-
cessing and SPS technique used in the study [21]. Further-
more, the disparity in results could be attributed to the
presence of MWCNTs which was used as reinforcement to
enhance the properties of the DSE. It was also revealed from
the SEM images that the addition of (10 wt.%) MnO2 resulted
in decrease of pores due to the lower melting point of MnO2
that allowed it to be fused within the TiO2 particles during
sintering.
However, further addition of manganese oxide up to
(15 wt.%) of MnO2 in TiO2-MWCNTs decreased the potential as
expected in accordance with previous studies [37,40]. The
potential showed stability throughout 24 h with some slight
potential valleys in the beginning for approximately 2 h. This
behaviour could be ascribed to the decrease in OER over-
potential which could be attributed to the lower activation
energy for the OER on the surface of MnO2 [41]. Moreover, as
shown in Fig. 2 there are cracks and roughness on the
morphology of (15 wt.%) MnO2 in TiO2-MWCNTs which also
contributed to the lower potential.
3.2.3. Electrolyte contamination
The electrolyte contamination measurement was assessed
after the galvanostatic chronopotentiometry test to evaluate
the stability of the metal oxides composites. Also, it gives an
understanding on the amount of materials that deteriorated
or corroded which usually affects the purity of the final
products during electrowinning process [1,42]. The elements
that were measured using atomic absorption spectrometry
(AAS) are titanium (Ti) and manganese (Mn), their concen-
tration analysis are shown in Table 1. The monolithic TiO2
shows the highest concentration of titanium among other
samples, which was followed by TiO2-MWCNTs composite
with a slight difference of 12%. This could be an indication
that the MWCNTs do not only play a role in inhabiting the
degradation process during the electrowinning process but
also influence the electrocatalytic and durability of the com-
posite [43]. The composite containing 5 wt.% of MnO2 in TiO2-
MWCNTs shows the drastically decrease in degradation of
titaniumby 63% and only 2.16mg/L ofmanganese. This shows
that the presence of the MnO2 resulted in the reduction of the
amount of titanium that dissolved during the anodic polar-
isation which is an indication of increase in corrosion resis-
tance of the composite.Furthermore, the addition of (10 wt.%) MnO2 in TiO2-
MWCNTs resulted in increase of both titanium and manga-
nese in the solution which are 9 and 59% respectively. The
amount of titanium and manganese in the solution is higher
than the case of (5 wt.%)MnO2 in TiO2-MWCNTs, however, it is
lower than the monolithic TiO2. This is understandable as it
has exhibited the highest potential on galvanostatic analysis
besides small dark particles suspended in electrolyte and
bubbles on the surface were more pronounced than other
metal oxides composites. Finally, the addition of the (15 wt.%)
MnO2 resulted in the decreased of titanium and manganese
dissolved in the solution which are 48 and 93% respectively
when compared with 5 wt.% of MnO2 in TiO2-MWCNTs com-
posite. This behaviour shows that further addition of MnO2
plays major role in increasing the corrosion resistance. It is
worth mentioning that this metal oxide composite (TiO2-
MWCNTs-15 MnO2) has the highest corrosion resistance
compared to composites obtained at lower working potentials
for oxygen evaluation [36].
3.2.4. Cyclic voltammetry
Further analysis on the surface characteristics to study the
barrier properties of the anodic layers, as shown in Fig. 5(a and
b). The cyclic voltammograms were compared based on
Fig. 5(a) monolithic TiO2 and TiO2-MWCNTs. Whereas Fig. 5(b)
is TiO2-MWCNTs and addition of (5,10 and 15wt.%) ofMnO2. In
all the samples, the anodic peaks are observed when there is
positive scan and no sign of cathodic that occurs for reverse
scan direction. Fig. 5(a) showed that the anodic layer of
monolithic TiO2 is higher. However, the addition of MWCNTs
there is further increased on intensity than monolithic TiO2.
This behavior could be attributed to the weak barrier proper-
ties of the surface layer after 24 h that could protect the
composites. This corresponds with higher amount of Ti re-
ported to the electrolyte solution in Table 1 which was 10.61
and 9.41 mg/L for TiO2 and TiO2-MWCNTs respectively.
The addition of manganese oxide shifted the anodic peaks
to lower current densities as theweight percentages increased
though no uniform trendwas observed. In Fig. 5(b) when (5 wt.
%) of MnO2 was added on TiO2-MWCNTs, the anodic peak is
reported to have decreased compared to TiO2 which indicated
that MnO2 particles are the preferred sites for oxygen evalu-
ation reaction [18]. However, the addition of (10 wt.%) MnO2
shifted to the higher anodic peak but lower compared to the
Fig. 5 e Cyclic voltammograms of the sintered (a) TiO2 and TiO2-MWCNTs (b) TiO2-MWCNTs-(5,10 &15 wt.%) MnO2
composites obtained after 24 h anodic polarization.
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on the surface which lead an increase Ti and Mn to report in
electrolyte solution. Whereas, at (15 wt.%) of MnO2 in TiO2-
MWCNTs the anodic peak severely decreased indicating the
greater compactness of the layer formed in 24 h polarization
which was more protective corresponding to the dissolution
results at Table 1. It showed that the Ti and Mn that dissolved
in the electrolyte were as low as 2.08 and 0.15 mg/L
respectively.
3.2.5. Phase analysis of sintered metal oxides before and after
anodic polarization
The phase analysis was conducted via X-ray diffraction (XRD)
technique to compare the sintered metal oxides composites
before and after 24 h of anodic polarization and this is shown
in Fig. 6(a and b). At Fig. 6(a) the XRD pattern shows the sin-
tered TiO2, whichmainly contains the rutile phases and slight
amount of anatase phases. Whereas the following spectra of
MWCNTs-TiO2 composite also is showing the rutile phases
without any traces of anatase as well as carbon. This could be
attributed to the minimal amount of MWCNTs composition.Fig. 6 e XRD patterns of sintered metal oxidThe following XRD spectrums are sintered composites of (5,10
and 15 wt.%) MnO2 in TiO2-MWCNTs, where the 5MnO2eTiO2-
MWCNTs is showing the rutile phase as well as the pro-
nounced phase of anatase and there are no phases that
showed an addition of MnO2. However, when the (10 and
15 wt. %) MnO2 are added there is a new phases that were
attributed by reactions of bothMnO2 and excess of TiO2 during
sintering by SPS to form MnTiO3 similar to Tshephe et al. [29].
The MnTiO3 phases are well defined at these composites due
to the higher concentration of MnO2.
Similarly, the XRD patterns are showed at Fig. 6(b) begins
with monolithic TiO2 after polarization, there is not much of a
difference with before polarization as rutile phase are
observed. However, there are considerable traces of anatase
phases. Whereas the dispersion of (1 wt. %) MWCNTs in TiO2
for the following spectra shows no difference at all after 24 h
of anodic polarization. When (5,10 and 15 wt. %) MnO2 are
added in TiO2-MWCNTs composites are different from before
anodic polarization. The 5MnO2eTiO2-MWCNTs composite
showed more defined rutile phases compared to before po-
larization. In addition, there is also a trace of carbon whiches before and after anodic polarization.
j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 1 ; 1 2 : 8 9 4e9 0 3 901has overlapped with rutile phase. The reveal of carbon could
be attributed to the detachment of some particles of TiO2 and
MnO2 during polarization exposing the MWCNTs. The in-
crease of manganese weight percentage to 10 MnO2eTiO2-
MWCNTs also showed the rutile (TiO2) and carbon phases.
However, there is addition of MnTiO3 which is said to be
formed during sintering. The addition of MnO2 up to (15 wt. %)
in 15MnO2eTiO2-MWCNTs composite resulted in slight
changes in phases. Moreover, new phases of MnO2O3 were
formed which could indicate that the anodic layer that was
formed during polarization resulted in higher corrosion
resistance which is evident on Table 1 results. In addition,
SEM images also show Fig. 6(e) to be more compacted and
minimal pores due to anodic layer formed.
3.2.5. Morphology of sintered metal oxides composites after
anodic polarization
Fig. 7(aee) shows the surface micrographs of the
monolithicTiO2, TiO2-MWCNTs and addition of (5,10 and
15 wt.%) MnO2 in TiO2-MWCNTs composites after 24 h polari-
zation. It is observed that at Fig. 7(a) there are smaller and
larger holes on the surface layer of monolithic TiO2 indicating
the least corrosion resistance which corresponds with Table 1
that has greater concentration dissolved in the electrolyte. The
addition of (1 wt.%) MWCNTs in Fig. 7(b) showed the hollowsFig. 7 e Morphology of the anodic layer formed on the surface o
MWCNTs (d) 10 MnO2eTiO2-MWCNTs and (e) 15 MnO2eTiO2-Mare filled with noticeable black patches of clustered MWCNTs
scattered across the surface of the TiO2-MWCNTs composite.
This is confirmed by Energy Dispersive X-Ray Spectroscopy
(EDS) results inset showing high intensities of carbon. This
could indicate that TiO2 became degraded resulting to the
decrease of corrosion resistance leaving the MWCNTs plainly
visible at the surface of TiO2-MWCNTs composite.
Therefore, the addition of (5, 10 and 15 wt.%) MnO2 in
TiO2-MWCNTs at Fig. 7(cee) showed different anodic layer
where the presence of MnO2 seemed to be composed with
grained structure where the gaps that were obvious at
Fig. 7(a and b) became minimised. This could be attributed
by the larger amount of corrosion products covering those
gaps, which corresponded with Table 1 [18]. At Fig. 7(c),
where addition of (5 wt.%) MnO2 there were some noticeable
gaps across the surface of the composite. However, as the
manganese oxide content increased to (10 and 15 wt.%)
MnO2 the gaps were closed especially at Fig. 7(d) corre-
sponding (15 wt.%) MnO2 showing the anodic layer being
denser and smoother surface suggesting that the corrosion
resistance and the barrier properties of the composite
improved as MnO2 content was increased. An increase in
MnO2 content leads to decrease in chemical dissolution
owing to the anodic layer that act as passivity which is
formed on the surface of the metal oxides composites.f sintered (a) TiO2 (b) TiO2-MWCNTs (c) 5 MnO2eTiO2-
WCNTs anodes in 24 h anodic polarization at 50 mA/cm2.
j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c h no l o g y 2 0 2 1 ; 1 2 : 8 9 4e9 0 3902Furthermore, it is evident as shown in Fig. 7(e) where min-
imal pores are observed with increase in MnO2 especially in
15%MnO2eTiO2-MWCNTs composite. Additionally, it was
shown in Table 1 where corrosion products increased were
observed with decrease in MnO2 content.3. Conclusion
In this study, the electrochemical stability, anodic behavior,
and corrosion resistance of metal oxides composites which
are sintered TiO2, TiO2-MWCNTs and (5, 10 and 15 wt.%) MnO2
were examined under electrowinning conditions. The
following conclusions were drawn from the study;
 The increase of MnO2 content in the sintered composite
resulted in lower potential of 15 MnO2eTiO2-MWCNTs
composite grade.
 The electrocatalytic capacity of metal oxides composite
where improved with addition of MWCNTs and increase in
MnO2 content.
 The degradation that is associated with analysis of ele-
ments resulted in electrolyte, it showed that the addition of
MnO2 content decrease the degradation of electrodes on
both metal oxides TiO2 and MnO2.
 The anodic layer after 24 h of anodic polarization became
more pronounced with the increase of MnO2, this was
confirmed by the SEM and XRD analysis after polarization.Declaration of Competing Interest
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